The requirement for a checkpoint function to achieve the appropriate dynamic range of transcriptional responses to inflammatory signals is likely to be used by other signal-dependent transcription factors that regulate diverse homeostatic and developmental processes. P recise regulation of the transition from gene repression to activation is essential for development and function of mammalian organ systems. In the case of genes regulated by a subset of heterodimeric nuclear hormone receptors, exemplified by the retinoic acid and thyroid hormone receptors, binding of hormone effects a switch in receptor function from active repression to transcriptional activation (1) (2) (3) . Investigation of mechanisms accounting for active repression by unliganded retinoic acid and thyroid hormone receptors led to the identification of the nuclear receptor corepressor (NCoR) and the highly related silencing mediator of retinoic acid and thyroid hormone receptor (SMRT) (4, 5) . NCoR and SMRT are essential components of multiprotein complexes that mediate active repression by means of associated enzymatic activities that include histone deacetylase (HDAC) activity, with biochemical purification of NCoR and SMRT corepressor complexes from HeLa cells, demonstrating that they both contain transducin ␤-like protein 1 (TBL1), TBL1-related protein (TBLR1), HDAC3, and GPS2 (6) (7) (8) .
Interaction of NCoR and SMRT with unliganded nuclear receptors is mediated by a conserved extended helical motif, referred to as the CoRNR box, of consensus sequence LXXI͞ HIXXXI͞L (9) (10) (11) (12) (13) . Binding of hormone results in a conformational change in the ligand-binding domain that reduces affinity for NCoR͞SMRT complexes while simultaneously enhancing affinity for coactivators that contain a conserved LXXLL interaction motif (1, 3, 13) , thereby converting the receptor from a transcriptional repressor to an activator. Whereas ligand binding is sufficient to cause dissociation of NCoR and SMRT from retinoic acid and thyroid hormone receptors in vitro, recent studies indicate that an additional, ubiquitylation-mediated proteolytic step is required for removal of NCoR complexes from nuclear receptor target genes in vivo (14) , perhaps due to the ability of the TBL1 and TBLR1 components of these complexes to interact directly with chromatin (15) . In the case of retinoic acid receptor target genes, the TBLR1 component of the NCoR complex appears to function as an E3-ligase that directs liganddependent ubiquitylation and proteosome-mediated clearance of NCoR and HDAC3 (14) .
Although initially identified as NCoRs, a number of studies suggest that NCoR and SMRT can interact with and exert repressive effects on several other classes of DNA-binding transcription factors, including activator protein (AP)-1 proteins (8, 14, 16) , NF-B factors (14, 16, 17) , Eto (18, 19) , homeodomain-containing proteins (20) (21) (22) , and the E-26-transforming specific-domain proteins Tel (23, 24) and MEF2c (25) . These findings suggest that NCoR and SMRT play diverse roles in mediating active transcriptional repression during development. Consistent with this hypothesis, deletion of the NCoR gene in the mouse resulted in embryonic lethality and severe developmental defects in the lymphocytic and erythropoietic lineages and the CNS (26) . However, the specific target genes that account for these defects have not been identified and NCoR-dependent gene networks remain largely undefined.
In the present study, we explore the roles of NCoR in regulating tissue-specific programs of gene expression by using macrophages as a model. Whereas NCoR is not required for macrophage differentiation, genes involved in inflammation, chemotaxis, cell-cycle control, and collagen metabolism are up-regulated in NCoR-deficient macrophages, resulting in a partially activated phenotype. A significant fraction of the derepressed genes identified in NCoR-deficient macrophages are targets of AP-1 transcription factors, and several lines of evidence indicate that c-Jun functions as a required molecular beacon for recruitment of NCoR to these genes in the absence of an activating signal. Phosphorylation of the c-Jun N terminus initiates a TBLR1-dependent clearance of NCoR and HDAC3 from AP-1 target genes and permits the binding of c-Jun͞c-Fos heterodimers. In concert, these findings indicate that the tran-scriptional checkpoint function of NCoR is required to establish the physiological dynamic range of signal-dependent gene expression in gene networks regulated by AP-1 transcription factors.
Materials and Methods
Cell Culture. Fetal liver-derived macrophages generated from embryonic day 14.5 embryo liver were plated and cultured in RPMI medium 1640 with 10% FBS plus L cell media for 7 days. Bone marrow-derived macrophages were obtained as described (27) . Lipopolysaccharide (LPS) (Sigma) and 12-O-tetradecanoylphorbol-13-acetate (TPA) (Sigma) were used at a concentration of 100 ng͞ml and 100 nM, respectively.
Materials and Reagents. Anti-TBL1 and anti-TBLR1 antibodies were generated as described (14) . The following antibodies were obtained from Santa Cruz Biotechnology: anti-RAR␣, anti-HDAC3, anti-c-Jun, anti-c-Fos, and anti-p50. Additionally, antiUbcH5 (Boston Biochem, Cambridge, MA), anti-SMRT (Affinity BioReagents, Neshanic Station, NJ) and antihemagglutinin (HA) (Covance, Richmond, CA) were also used in immunoprecipitation experiments.
Expression Array Profiling. RNA preparation, cRNA synthesis, and its hybridization to Affymetrix arrays were described (28) . Hybridization data were collected from 36 independent hybridizations of Affymetrix U74A microarrays. Data were subjected to secondary analysis by using a multiplicative noise model (29) , GENESPRING software (Silicongenetics, Redwood City, CA) and the significance analysis of microarrays application (30) .
Gene Ontology (GO) Analysis. Genes significantly up-or downregulated in NCoR Ϫ/Ϫ macrophages and at least 1.5-fold above or below levels of expression in control macrophages were connected to biological process annotations provided by the GO Consortium. Based on the hierarchical structure of the GO annotations, the probability that each immediate daughter term (a P value) be linked to the number of selected genes by chance was calculated. This probability is
where n is the number of genes in the references list, m is the number of selected genes, n i is the number of reference genes connected to the term i, and m i is the number of selected genes connected to the term i. The link from the root to the daughter term with the lowest P value is removed and the process is started from the root again. In this step, the probabilities are calculated given the fact that one (most significant) daughter term is linked to a fixed number of genes. Eq. 1 is modified accordingly. When all links from the root are removed, the daughter terms become the root (one at a time), and so on, recursively, until all links in the subgraph are exhausted. We define the P value of a term as the smallest P value of a link that connects it with a parent (a term may have multiple parents).
Transient Transfection and Reporter Studies. Cells were transfected with 0.5 g of the luciferase reporter plasmid and with 0.5 g of NCoR expression plasmid by using Superfect transfection reagent (Qiagen, Valencia, CA). pRL-TK vector was also cotransfected as an internal control. After 12 h of incubation, cells were treated with TPA and were incubated for an additional 24 h. A luciferase assay was performed as described (31) . The reporter gene constructs for matrix metalloproteinase (Mmp)12 (wildtype and AP-1 mutant), 3ϫAP-1, 5ϫUAS, and ␤-actin have been described (32) (33) (34) . Gal-c-Jun and Gal-c-Jun
were made by subcloning 1-252 aa of c-Jun and c-Jun S63/73A into pCMX-Gal4 expression vector, respectively (35) .
Chromatin Immunoprecipitation (ChIP) Analysis. A ChIp assay was conducted as described (14, 27) . Briefly, macrophages and RAW264.7 cells were fixed with 1% formaldehyde and crosslinked adducts were resuspended and sonicated, resulting in DNA fragments of 300-900 bp. Protein-bound, immunoprecipitated DNA was reverse cross-linked at 65°C overnight and then purified by using a Qiagen PCR purification. A quantity of 4 l from a 50-l DNA extraction was used for PCR amplification (28-33 cycles).
Single-Cell Nuclear Microinjection Assay. The single-cell nuclear microinjection assays were performed as described (14) . Subcloning the 1.0-kb proximal region of the Mmp12 promoter into the pGL2͞LacZ reporter plasmid generated the Mmp12-LacZ. Specific short interfering RNA (siRNA) or nonspecific control siRNA (Dharmacon, Boston) was coinjected in each experiment. mice. Mice were injected with polyinosinic͞polycytidylic acid to induce MxCre expression as described (38) .
Results and Discussion
To explore roles of corepressor-dependent events in regulating tissue-specific programs of gene expression, macrophages were derived from wild-type and NCoR Ϫ/Ϫ embryos by culturing fetal liver hematopoietic progenitor cells in the presence of macrophage colony-stimulating factor (26) . Although NCoR Ϫ/Ϫ macrophages were indistinguishable from wild-type macrophages with respect to morphology and expression of characteristic markers, including F4͞80 and CD11b (data not shown), microarray analysis of Ϸ8,000 transcripts led to the identification of Ͼ150 genes exhibiting significantly different levels of expression in wild-type and NCoR Ϫ/Ϫ macrophages under basal conditions ( Fig. 1A and Table 1 , which is published as supporting information on the PNAS web site). Analysis of biological process annotations defined by the GO Consortium (39), associated with each differentially expressed gene, indicated statistically significant overrepresentation of genes involved in several categories, including cell-cycle control, inflammatory responses, and collagen catabolism. A subset of these genes is illustrated in Fig. 1B and an interactive directed acyclic graph for the entire set of differentially expressed genes is provided as Table 2 , which is published as supporting information on the PNAS web site.
This profile of gene expression suggested that the loss of NCoR resulted in functional characteristics of activated macrophages. Mmp12, -13, and -9 were among the genes overexpressed in NCoR Ϫ/Ϫ macrophages, with Mmp12 exhibiting a nearly 8-fold increase in expression, which was confirmed by Northern blotting experiments (Fig. 6 , which is published as supporting information on the PNAS web site). The chemokine receptor Ccr1 and chemokines Ccl5, Ccl8, Cxcl1, and Cxcl14 were among the genes that were significantly derepressed in NCoR Ϫ/Ϫ macrophages, indicating the critical importance of corepressor imposed restriction in maintaining normal signal-dependent regulation. Macrophage migration through tissues in response to inflammatory stimuli is directed by chemokines and requires the expression of Mmps that degrade extracellular matrix components, including interstitial collagen (40, 41) . Experiments were performed based on the predicted functional consequences of this derepression program to evaluate macrophage chemotaxis and invasiveness. These studies confirmed that the integrated functions required for macrophage migration through a reconstituted basement membrane were significantly enhanced in NCoR Ϫ/Ϫ macrophages (Fig. 1C) . Although NCoR was initially identified by its interaction with nuclear receptors, relatively few of the derepressed genes in NCoR Ϫ/Ϫ macrophages could be demonstrated to be nuclear receptor targets (data not shown). To explore the potential relationship between other signaling pathways that regulate macrophage function and NCoR target genes, microarray experiments were performed to characterize the transcriptional responses of wildtype and NCoR Ϫ/Ϫ macrophages to LPS and TPA. LPS activates Toll-like receptor 4 and regulates broad sets of genes involved in native and acquired immunity by stimulating the activities of transcription factors, including NF-B and IFN regulatory factors (42), whereas TPA regulates gene expression in part by stimulating the activities of AP-1 transcription factors (43) . Approximately 10% of the LPS-responsive genes and 30% of the TPA-responsive genes were derepressed under basal conditions in NCoR Ϫ/Ϫ macrophages, respectively ( Fig. 2A) . The expression profiles for the 30 most highly induced TPA-responsive genes indicated that approximately twothirds of these genes were derepressed in NCoR Ϫ/Ϫ macrophages (Fig. 2B) .
This pattern of gene expression suggested that signaldependent relief of NCoR-dependent repression is achieved in a promoter-specific manner. To examine this possibility, ChIP experiments were performed in control, TPA-, or LPS-treated macrophages to correlate NCoR occupancy with transcriptional activation. Mmp12 was used as an example of a TPA-selective NCoR target gene; Usp18, as an example of a LPS-selective NCoR target gene; Cxcl1, as an example of an NCoR target gene induced by both TPA and LPS; and Rarb, as an example of an NCoR target gene not regulated by TPA or LPS (Fig. 2C) . NCoR was bound under basal conditions to each of these genes, which was consistent with their being derepressed in NCoR Ϫ/Ϫ mac- rophages (Fig. 2D) . TPA treatment resulted in loss of NCoR interaction from the Mmp12 and Cxcl1 promoters, but not from the Usp18 or Rarb promoters. Conversely, LPS treatment resulted in dissociation of NCoR from the Usp18 and Cxcl1 promoters, but not from the Mmp12 or Rarb promoters (Fig.  2D) , revealing independent regulation of NCoR activity in a signal-and promoter-specific manner.
Many of the TPA-responsive genes derepressed in NCoR Ϫ/Ϫ macrophages are transcriptional targets of AP-1, as exemplified by Mmp12. To investigate the potential role of AP-1 as an essential target for NCoR activity, transient transfection studies of the Mmp12 promoter were performed in RAW264.7 macrophages (32) . The Mmp12 promoter was strongly activated by TPA in these cells, and this response was blunted by overexpression of NCoR (Fig. 3A) . The residual activity of an analogous Mmp12 promoter construct containing a mutated AP-1 site was not inhibited by overexpression of NCoR, suggesting that the AP-1 site was the critical target of NCoR-mediated repression.
Overexpression of NCoR inhibited the activity of a minimal promoter containing 3xAP-1 sites, but not the ␤-actin promoter (Fig. 3A) . Conversely, basal and TPA-dependent activities of the Mmp12 promoter in RAW264.7 cells were enhanced by cotransfection of siRNAs directed against NCoR that reduced its expression by Ͼ80%, but not by cotransfection with a control siRNA (Fig. 7 , which is published as supporting information on the PNAS web site). These findings raised intriguing questions concerning the molecular mechanisms by which NCoR was recruited to AP-1 target genes, and the role of derepression in signal-dependent activation of AP-1 gene targets. c-Jun-deficient macrophages were developed by using MxCre to quantitatively disrupt floxed c-Jun alleles in bone marrow-derived macrophages (Fig. 3B and Fig. 8 , which is published as supporting information on the PNAS web site). ChIP experiments were then performed, comparing wild-type and c-Jun Ϫ/Ϫ macrophages for three AP-1 target genes that were derepressed in NCoR Ϫ/Ϫ macrophages (Mmp9, -12, and -13) and two TPA-responsive genes that were not derepressed in NCoR Ϫ/Ϫ macrophages (Csf3 and Alcam). c-Jun was detected on the Mmp9, -12, and -13 promoters in wild-type macrophages, but not in c-Jun Ϫ/Ϫ macrophages, which was consistent with the absence of detectable c-Jun protein (Fig. 3C) . Under basal conditions, NCoR was selectively present on the AP-1 target genes in wild-type macrophages, but not in c-Jun Ϫ/Ϫ macrophages (Fig. 3C) , indicating an essential role of c-Jun in recruitment of NCoR to these genes.
TPA treatment caused dissociation of NCoR from the Mmp12 promoter, which is associated with coordinate recruitment of c-Fos to form c-Jun͞c-Fos heterodimers (Fig. 3D) , suggesting a mechanistic link between signal-dependent dissociation of NCoR and binding of c-Jun͞c-Fos heterodimers. Although the related corepressor SMRT has been shown to interact with c-Jun and c-Fos and inhibit AP-1 transcriptional activity (16), relatively low levels of SMRT were observed on the Mmp12 promoter and were not altered by TPA treatment (Fig. 3D) . Intriguingly, ChIP experiments examining the Mmp12 promoter in control and NCoR Ϫ/Ϫ macrophages revealed significantly increased occupancy by c-Fos in NCoR Ϫ/Ϫ cells in the absence of a signal (Fig. 3E) . Although c-Fos expression is often dramatically induced in a signal-dependent manner, c-Fos is constitutively expressed in macrophages and the levels of its expression were not different in wild-type and NCoR Ϫ/Ϫ macrophages (data not shown). These findings thus reveal an active role of NCoR in inhibiting the formation of c-Jun͞c-Fos heterodimers in the absence of an activating signal. In support of this, NCoR was found to inhibit the binding of c-Jun͞c-Fos heterodimers to an AP-1 site in vitro (Fig. 9 and Supporting Text, which are published as supporting information on the PNAS web site).
Signal-specific dismissal of NCoR from the Mmp12, Usp18, Cxcl1, and Rarb genes raised the possibility that distinct NCoR complexes might be associated with differentially regulated target genes. However, ChIP experiments indicated that an apparently identical complex containing NCoR, TBL1, TBLR1, and HDAC3 (6-8) resides on the Mmp12, Usp18, Cxcl1, and Rarb genes under basal conditions (Fig. 3F) . The finding that HDAC3 is recruited to endogenous AP-1 target genes is consistent with recent studies (44) , indicating that HDAC3 suppresses signal-dependent activation of Gal4-c-Jun fusion proteins. Reduced occupancy of the Mmp12 promoter by HDAC3 in NCoR Ϫ/Ϫ macrophages (Fig. 3E ) strongly suggests that it is at least partly recruited to AP-1 target genes in an NCoRdependent manner.
The presence of a common NCoR complex on differentially regulated promoters suggested that signal-dependent dismissal of NCoR was determined by the specific transcription factors to which it bound. Signal-dependent activation of c-Jun requires phosphorylation of serines 63 and 73 (S63 and S73) by c-Jun N-terminal kinases or related kinases (45, 46) and is induced by TPA treatment of macrophages (data not shown). To specifically evaluate the role of c-Jun independent of potential heterodimeric partners, experiments were performed by using Gal4-c-Jun fusion proteins. Although Gal4-c-Jun fusion proteins typically function as signal-dependent activators when assessed on artificial promoters consisting of Gal4 (UAS)-binding sites linked to minimal promoter elements (44, 47) , the use of a constitutively active UAS-TK-lacZ reporter gene revealed that Gal4-c-Jun functioned as a strong transcriptional repressor under basal conditions (Fig. 4A) . The repression function of Gal4-c-Jun was relieved by TPA treatment or siRNA-mediated knockdown of NCoR expression (Fig. 4 A and B) . In addition, siRNA-mediated knockdown of NCoR expression resulted in equivalent levels of derepression by Gal4-c-Jun and a Gal4-c-Jun chimera in which c-Jun S63 and S73 were mutated to alanine (Gal4-c-Jun ( Fig. 4C) , indicating an essential role of c-Jun N-terminal phosphorylation in promoting the events leading to NCoR dismissal.
Recent studies have suggested that that the TBLR1 component of the NCoR͞TBL1͞TBLR1͞HDAC3 complex is required for clearance of NCoR from target genes by a proteosomedependent mechanism involving the recruitment of a specific ubiquitylation complex containing the conjugating enzyme UbcH5, with corecruitment of the 19S proteasome (14) . Consistent with these findings, UbcH5 was recruited to the Mmp12 promoter within 2 min of TPA treatment, with subsequent dismissal of NCoR (Fig. 4D) . Furthermore, microinjection of siRNAs directed against TBLR1 blocked Mmp12 activation (Fig.  4E) , suggesting that TPA-dependent activation of the Mmp12 promoter required TBLR1 with the associated ubiquitylation͞ 19S proteasome complexes (14) . This requirement was abro- gated if NCoR͞SMRT expression was knocked down by using specific siRNAs (data not shown), which was in agreement with the model that recruitment of the UbcH5-containing ubiquitylation complex by TBLR1 resulted in proteolytic clearance of NCoR complexes. Sequential ChIP assays for HA-tagged c-Jun proteins and UbcH5 demonstrated that UbcH5 was recruited to the Mmp12 promoter bound by wild-type c-Jun after TPA treatment, but not from the Mmp12 promoter bound by c-Jun S63/73A (Fig. 4F) , indicating an essential role of c-Jun N-terminal phosphorylation for recruitment of the proteolytic machinery required for NCoR dismissal.
These studies define an essential role of NCoR in physiological control of macrophage activation by acting as a checkpoint that controls signal-dependent exchange of c-Jun͞corepressor complexes for c-Jun͞c-Fos͞coactivator complexes (Fig. 5) . Although initially discovered as an NCoR, the identification of broad sets of NCoR target genes supports the emerging view that NCoR plays diverse roles in mediating active repression by a large number of additional sequence-specific regulated transcription factors. Whereas the full spectrum of these factors remains to be identified, the present studies establish c-Jun as an essential factor for the recruitment of NCoR to a significant subset of AP-1 target genes involved in the evolution of inflammatory responses. NCoR is thus likely to account, at least in part, for the cellular inhibitors of AP-1 initially identified nearly 15 years ago (47, 48) . We propose that c-Jun N-terminal phosphorylation initiates a series of events, including recruitment of a specific ubiquitylation complex that initiates a proteolytic mechanism for removal of NCoR complexes from AP-1 target genes (Fig. 5) , providing an explanation for signal-specific dismissal of NCoR from a subset of genes that are activated by TPA (Fig. 2 C and D) . The observation of signalindependent binding of c-Jun͞c-Fos heterodimers to the Mmp12 promoter in NCoR Ϫ/Ϫ macrophages reveals that a critical role for NCoR is to impose specific regulation on the DNA-binding activities of AP-1 components to determine gene repression or activation, with the signal-specific removal of NCoR being an apparent prerequisite to the binding of c-Jun͞c-Fos heterodimers. The requirement for a corepressor-dependent checkpoint function to achieve the appropriate dynamic range of transcriptional responses to inflammatory signals is likely to be used by other signaldependent transcription factors that regulate diverse homeostatic and developmental processes.
